We present an improved catalog of halo wide binaries, compiled from an extensive literature search. Most of our binaries stem from the common proper motion binary catalogs by Allen et al.
Introduction
Old disk and halo binaries are relevant to the understanding of processes of star formation and early dynamical evolution. In particular, the orbital properties of the wide binaries remain unchanged after their formation, except for the effects of the galactic tidal field or of their interaction with perturbing masses encountered during their lifetimes, as they travel in the galactic environment. The widest binaries are quite fragile and easily disrupted by encounters with various Motivated by these concerns, we have constructed a catalog of 251 candidate halo wide binaries. We describe the way the catalog was compiled in Section 2. In Section 3 we present some statistical properties for different subsamples of binaries, and examine the galactic orbits for the 150 binaries with sufficient observational data. Section 4 is devoted to a discussion of our results. We point out that for a total of 9 binaries concordant radial velocities for both components were found in the literature. A companion paper utilizes this catalog to dynamically model the evolution of wide halo binaries, and to obtain new limits on the MACHO masses.
We stress that our study pertains to the wide binaries only. The classical study of Duquennoy & Major (1991) and its recent update (Raghavan et al. 2010 ) shows a log-normal distribution of periods. Our binaries correspond to the periods greater than the maximum period of these distributions, i.e. P > 10 5 yr, which corresponds approximately to semiaxes greater than 100 AU. For our present purpose, we use the term "wide binary" to refer to binaries with separations larger than that corresponding to the maximum in the Kuiper or Duquennoy-Mayor distribution, which are presumably formed by processes different from those responsible for the closer binaries.
Construction of the catalog
A search of the literature was conducted, looking for high velocity, metal-poor wide binaries, since such samples are likely to be rich in halo stars. Most of the binaries in the new catalog stem from the lists of Ryan (1992) , Allen et al. (2000) , , and Zapatero-Osorio & Martin (2004) . All listed data were checked, and updated when necessary. We selected the most reliable data for the distances, metallicities and radial velocities. All proper motions were checked in the Simbad database and non-common proper motion companions were eliminated (i.e., we omitted pairs with proper motions differing by more than the published values). The catalog includes 111 halo binaries from Allen et al (2000) , 110 halo binaries from 23 from Zapatero-Osorio & Martin (2004) and 7 from Ryan (1992) , to give a total of 251 halo binary candidates.
In order to refine the sample, we constructed a reduced proper motion diagram (RPM), following and ChG (2004) . The RPM diagram for 251 candidate halo binaries is shown in Figure 1 . The black diagonal line is the limit taken by ChG to separate disk from halo binaries. We note that this line excludes quite a few binaries for which galactic orbits from Allen et al. (2000) clearly imply their halo membership. Therefore, we draw a new limit, indicated by the dotted line, which includes most of the Allen et al. binaries with halo-like galactic orbits. Regardless of their position in the RPM diagram we exclude 40 binaries with galactic orbits such that they spend their whole lives within the disk, although their motions are clearly indicative of a thick disk or of an even dynamically hotter population. In this way, we end up with 212 binaries, most likely to belong to the galactic halo or thick disk.
To carry out the dynamical modelling of the evolution of halo binaries, the most useful quantity is the fraction of the lifetime that each binary spends far from the galactic disk. Thus, galactic orbits were calculated for all binaries with available radial velocities (at least for their primaries), a total of 150 systems. The Allen & Santillán (1991) galactic potential was used, and the orbits were calculated backwards in time for 13 Gyr. This allowed us to compute for each system t d /t, the fraction of time spent within z = ±500 pc.
The entire catalog is presented in Table 1 . The entries are ordered by right ascension (J2000). Distances to the primaries were taken, when appropriate, from the Hipparcos catalog. Hipparcos distances were adopted for those stars with relative errors in their trigonometric parallaxes of less than 15%. For stars with larger errors, photometric distances were preferred, mostly taken from the lists of Nissen & Schuster (1991) and and references therein, or by means of the polynomial used by ChG, adopting their photometry. For a few stars not found in those lists, spectroscopically derived distances were taken from either Ryan (1992) or Zapatero-Osorio & Martin 2004) . Thus, most of the binaries listed in the catalog should have errors of less than 15% in their adopted distances.
Absolute visual magnitudes for the primaries were calculated from the adopted distances and the apparent visual magnitudes given in the respective catalogs. Absolute magnitudes for the secondaries were calculated as described in Allen et al. (2000) for their stars. They are mostly based on accurate photometry for the primary, and magnitude differences in two colors for the secondaries, a procedure which was shown by Allen et al. (2000) to yield reliable values for the absolute magnitudes of the secondaries. For binaries stemming from Chanamé & Gould their photometry was adopted. Secondaries from other sources are listed as in the original references.
Linear separations between the components were calculated from the angular separations and the adopted distances. The linear separations were transformed into expected values for the major semiaxes of the binaries by the statistical relation (Couteau 1960) 
Therefore, a binary with projected angular separation s ′′ will have an expected major semiaxis a given by
The above formula was derived by Couteau on theoretical grounds, assuming a random distribution of the geometrical elements of the orbit, as well as random times of passage through periastron. This relation turns out to be independent of the eccentricity distribution. Couteau also checked its observational validity based on more than 200 orbits, for which the constant turned out to be 1.411. A more recent empirical study (Bartkevičius 2008) , based on data from the Catalog of Orbits of Visual Binary Stars (Hartkpof & Mason 2007 ) and the WDS ). The result was log a − log s ranging from 0.112 to 0.102. In view of the large uncertainties of the empirically derived values, and to facilitate comparisons with previous work, we shall use Couteau's theoretical result.
In Table 1 , we list in Column 1 the NLTT number of the primary, as well as the designation of its companion. In Column 2 we list alternative identifications of the primary. We provide, in order of preference, identifications in the Hipparcos, the HD, the Giclas (G) or the Wilson catalogs. Column 3 contains the identification of the secondary. Column 4 lists our best choice for the distance to the primary, as explained above. Columns 5 and 6 list the absolute magnitudes of the primary and secondary, respectively. Columns 7 and 8 the projected angular separation between the components and the expected value for the major semiaxis. The peculiar velocity of the binary is given in Column 9. This velocity is computed assuming a solar motion of (9, 12, 7) km s −1 . The radial velocity used to compute the peculiar velocity in Column 9 is taken from various sources, -5 -listed mostly in the Simbad database. The presence of undetected close companions to one or both members of the binary will affect the radial velocities, and thus the computed orbits. The observers have, in general, taken care to detect variations due to unseen companions. But the stars are faint and metal-poor, and thus observationally difficult. For the orbit computations we checked the published radial velocities to make sure we were using the systemic radial velocity -when available. Otherwise, we checked for radial velocity variations in the published data, and excluded a few systems with widely discrepant values. Columns 10 to 12 contain the main orbital parameters of the galactic orbit; we list the apocentric distance R max , the maximum distance from the galactic plane |z max | and the three-dimensional eccentricity e of the galactic orbit. In Column 13 we list t d /t, the fraction of its lifetime the binary spends within the galactic disk (z = ±500 pc). In the last column, the provenance of the binary is given ( Figure 2 shows the frequency distribution of the absolute magnitudes of the primaries (full line) and the secondaries (dotted line) of our catalog. Note particularly the extension to the faint end of the magnitudes of the secondaries. This constitutes a sampling of the faint end of the main sequence for these metal-poor and presumably old stars. Observationally, these secondaries are challenging objects, being faint and having only a few lines in their spectra, but undoubtedly they are interesting and worthy of being included in observational programs.
Some statistical properties

The distribution of absolute magnitudes
The distribution of peculiar velocities
Figure 3 is a histogram of the distribution of the peculiar velocities of the binaries. Note that most of the systems have peculiar velocities larger than 60 km s −1 , and thus can be considered to be good candidates to be bona fide thick disk or halo stars. Figure 4 shows the cumulative distribution of the angular separations of the full sample of 251 low-metallicity high-velocity binaries. The straight line is a fit to the Oepik (1924) Figure 5 shows the same fit for the expected major semiaxes. In Allen et al.(2000 Allen et al.( , 2012 , as well as here, we choose to display the distributions in cumulative form, since in this way we can apply directly the Kolmogorov-Smirnov (KS) test to quantitatively assess the probability that the observed distribution stems from a given theoretical distribution. Our choice of presentation of the angular distributions was criticized by ChG, who found a different exponent for the power law of their angular distributions. Since the matter remains controversial, we present below a brief discussion of the issue.
The distribution of angular separations and expected major semiaxes
In Figure 6 we show the cumulative distribution of the ChG sample of 110 halo binaries. The straight line represents Oepik's distribution, corresponding to a power-law exponent of −1. In Figure 7 we show the result of applying the Kolmogorov-Smirnov test to this sample. It is obvious that Oepik's distribution shows an excellent fit to these stars up to an angular separation of 63 arc seconds, which includes 97 out of their 110 stars, leaving out those with the largest separations. We have performed the same test using an exponent of −1.6, as ChG do, and find a good fit, but only for binaries with separations larger than 3 arc seconds (94 binaries). Thus, it would appear that this controversy cannot be settled merely by goodness-of fit arguments. We would interpret the departure from Oepik's distribution as due to dynamical effects, an interpretation supported both from theoretical studies (Valtonen 1997 showed Oepik's distribution to correspond to dynamical equilibrium) and from the observed distributions found for many independent samples of stars, and for groups of different ages (Poveda et al. 2006 . Sesar et al. 2008 Lepine & Bongiorno 2007 : Allen et al. 2000 . We think the Oepik distribution is to be preferred for the following reasons.
1. It has been shown to hold for many different samples of wide binaries (a ≥ 100 AU) stemming from different and independent sources , Sesar et al. 2008 Lepine & Bongiorno 2007; Allen et al. 2000) . We show below that both the angular separations and the expected semiaxes of the candidate halo binaries in our improved catalog follow Oepik's distribution. We also show that different subgroups of the catalog also follow Oepik's distribution up to different limiting semiaxes.
2. It has been shown to hold up to different limiting separations for wide binaries of different ages (Poveda & Allen 2004; Poveda et al. 2006) which is exactly what one would expect from dynamical considerations.
3. It holds for a volume-complete sample of nearby wide binaries (Poveda & Allen 2004; Poveda et al. 2007 ) in the interval 133 AU < a < 2640 AU.
4. It is thought to represent the primordial distribution of separations for wide binaries both from theoretical reasons (Valtonen 1997 ) and from observations (it holds for the youngest binaries up to their largest separations, see Poveda & Hernández-Alcántara 2003; Poveda et al. 2006 ).
5. We have shown above that it holds for tha ChG halo binaries. Indeed, we found it holds also for their disk binaries, and explains in a natural way, as the result of dissolution effects, the flattening of their distribution, which ChG found puzzling, and for which they offered no explanation.
The cumulative frequency distribution of the angular separations for the more halo-like sample of 211 binaries is shown in Figure 8 , that of the expected semiaxes in Figure 9 . It is clearly seen that they follow Oepik's distribution. We performed KS tests to support this assertion, and found that Oepik's distribution holds up to angular separations of 160 arc seconds, and to expected semiaxes of 25 000 AU (0.12 pc). The latter test is shown in Figure 10 .
To further refine our sample of halo candidates we integrated galactic orbits for all binaries with available radial velocities (150), and calculated the times they spend in the galactic disk, that is, between z-distances of ±500 pc. Figures 11, 12 and 13 display the meridional orbits of three representative binaries. The cumulative frequency distribution of expected major semiaxes for this sample is shown in Figure 14 , the result of the KS test in Figure 15 . The preceding figures clearly show that Oepik's distribution holds for all these subsamples, although it does so up to different values of the separations or major semiaxes.
Next, we separated the 150 binaries into three groups (each with an equal number of binaries), according to the time they spend within the galactic disk, as defined above. We refer to these groups as the most disk-like, the intermediate, and the most halo-like binaries. The average fraction of their lifetime the 50 most disk-like binaries spend in the disk is 100%, that of the most halo-like binaries is 18%. To maximize the contrast we disregarded the intermediate group.
Figures 16 and 17 show the cumulative frequency distribution of the expected major semiaxes for the most disk-like and the most halo-like groups. The corresponding KS tests are displayed in Figures 18 and 19 . We see that the most disk-like binaries follow Oepik's distribution up to an expected major semiaxis of 19,000 AU (0.09 pc), while the most halo-like binaries do so up to an expected semiaxis of 63,000 AU (0.31 pc).
These results confirm and reinforce the conclusions obtained in Poveda et al. (1997) , Allen et al. (2000) and Poveda & Allen (2004) , namely that (a) Oepik's distribution is followed by many different samples of wide binaries; (b) that the maximum semiaxis up to which Oepik's distribution holds is a function of the age of the group studied, as well as of the environment encountered by the binary along its galactic trajectory. Thus, for example, Poveda et al. (1994) were able to divide the binaries in their catalog in two groups, "probably young" (2 × 10 9 yr) and "probably old" (> 4.6 × 10 9 yr), according to a variety of age indicators. Poveda & Allen (2004) found Oepik's law to be valid up to semiaxes of 8,000 AU for the young group, and up to only 2400 AU for the old group. For a very young (10 6 yr) independent group of binaries in the Orion Nebula Cluster:
Poveda & Hernández-Alcantara (2003) found Oepik's distribution to hold up to 45,000 AU.
The departure from Oepik's distribution can be interpreted as due to the effects of dynamical perturbations, which tend to decrease the binding energy and thus increase the separation of the binary, until its ultimate dissolution. These effects, with the passage of time, will tend to eliminate the widest systems. Weinberg et al. (1987) , Wasserman & Weinberg (1991) and more recently Jiang & Tremaine (2010) have modeled the evolution of disk binaries subject to perturbations by passing stars and molecular clouds. The former authors find galactic tides to have negligible effects for binaries with a < 0.65 pc, the latter take tides into consideration for their widest binaries (a > 10 5 AU). Our widest binaries would thus appear to be stable against galactic rides. The results of Weinberg et al. were found to be consistent with the distributions found for the youngest and oldest systems of the solar vicinity . For the samples studied here, the departure from Oepik's distribution sets in at much larger values than those obtained for even the oldest binaries of the solar vicinity. Similarly as was done in Allen et al. (2000) we interpret these larger values as due mainly to the relatively small time spent by our binaries within the galactic disk, where most of the perturbations occur. The most halo-like binaries in Allen et al. (2000) spent on average 26% of their lifetimes within the disk, and were found to follow Oepik's distribution up to a = 20, 000 AU (0.1 pc). The most halo-like binaries of our improved catalogue spend on average only 18% of their lifetime within the disk and follow Oepik's distribution up to 63,000 AU (0.31 pc).
The question arises as to the effects of observational uncertainties on our results. Uncertainties in the distances will affect directly the inferred semiaxes, but not their distribution. The galactic orbits will be affected by uncertainties in the distances, proper motions and radial velocities. We have estimated the errors in the orbital parameters listed in Table 1 for a representative sample of binaries. To this end, we computed for each binary two extreme orbits by adding and subtracting all the uncertainties to the "central" values. This will provide an overestimate of the expected errors in the orbital parameters. The average resulting errors for this sample turned out to be 18% for R max , 14% for z max and 16% for e. Binary membership into the most halo-like and the most disk-like groups remained unchanged.
Discussion and conclusions
By means of an extensive literature search we have compiled a list of 251 candidate halo wide binaries and present it in Table 1 . Proper motions, radial velocities, photometric data and distances were carefully checked for each system. We found that the distribution of separations and major semiaxes for all the subgroups studied follows Oepik's up to different limiting semiaxes. We computed galactic orbits for 150 binaries and obtained the fraction of their lifetimes spent within the galactic disk. Separating the binaries into three groups, most disk.like, intermediate and most halo-like we find that the most disk-like binaries begin to depart from Oepik's distribution at an a = 19, 000 AU, whereas the most halo-like do so at an a = 63, 000 AU.
The great majority of the wide binaries in our catalog stem ultimately from Luyten's NLTT. The NLTT is quite complete up to visual magnitude 19, and for proper motions larger than 180 mas/yr. As such, it is a magnitude limited sample, and subject to the usual biases of such samples, namely, Malmquist, kinematical, and Lutz-Kelker biases. The rNLTT covers the intersection of the First Palomar Observatory Sky Survey and the Second Incremental Release of the Two Micron Sky Survey, about 45% of the sky. As discussed by ChG, it is not necessary to have a volume-complete catalog, but a representative sample, with well understood selection effects. Our catalog, as well as previous ones, is far from complete. Certainly, many of the widest pairs will be missing. However, our main results on the distribution of semiaxes (showing the destructive effects of perturbers at large semiaxes), are not likely to be affected by incompleteness or biases. Oepik's distribution was previously found to hold for a volume-complete sample of nearby wide binaries (Poveda & Allen 2004 ) in the interval 133 AU < a < 1640 AU. The same distribution was also found to hold (up to different values of the semiaxis) for different, independent samples of binaries, stemming from the LDS, the IDS amd the catalog of nearby wide binaries of Poveda et al. (1994) . Using a variety of age indicators, the latter binaries were separated into young and old groups; the limiting a turned out to be 2400 AU for the oldest group and 7900 AU for the youngest group. Oepik's distribution was also found to hold up to a = 30 000 AU for a group of extremely young (10 6 yr) wide binaries in the Orion Nebula Cluster (Poveda & Hernández-Alcántara 2003) . It was also shown to hold for the disk and halo binaries of ChG ). We should mention that the Oepik distribution of separations was also found by Lepine & Bongiorno (2007) and Sesar (2008) in their catalogs. The consistency found between our present results and those previously found for many different and independent samples of binaries gives us confidence that incompleteness and selection effects are not significantly influencing our conclusions.
The origin of wide binaries has been a long-standing problem. Several mechanisms have been proposed for this problem, among which we can mention the dynamical unfolding of triple systems (Reipurth & Mikkola 2012) , formation by capture of unbound stars in dissolving star clusters (Kouwenhoven et al. 2010 , Moeckel & Clarke 2011 , Perets & Kouwenhoven 2012 , and the suggestion that they may be the sole remains of former moving groups or accreted structures in the galactic halo (Allen et al.2007 ). Some of these scenarios have as a result a thermal distribution of eccentricities, and an Oepik-like distribution of semiaxes, and would thus accord better with the empirical findings on the distribution of separations of binaries found in different environments and having different ages. It is not clear which of these mechanisms -if any-would work for the halo binaries, but at this stage the scenarios involving cluster dissolution would seem more plausible, since they result in a thermal distribution of eccentricities and-in some cases-an Oepiklike distribution fo semiaxes Our present results are consistent with those found in Allen et al. (2000) with a smaller sample. In a companion paper we show that they allow us to obtain better estimates of the masses of the halo perturbers, and they should be also useful for other dynamical studies. Here V RPM = V + 5 log µ, with V the V−magnitude and µ the proper motion. The symbols denote the provenance from different catalogues. The full line was used by ChG to separate disk from halo binaries. However, this line excludes quite a number of binaries whose galactic orbits clearly indicate membership to the halo as was shown in Allen et al. (2000) . To identify candidate halo binaries we shifted the ChG line so as to include these stars, as shown by the dashed line. Final halo membership was determined by computing the time the binaries spend within the galactic disk. See text for details Figure 14 . The test shows that the fit is excellent up to an expected major semiaxis of 28,200 AU, and then abruptly deviates from the Oepik distribution. We interpret this departure as due to dynamical effects which tend to dissociate the widest binaries. See text for details. 
